This study examined the role of attention in maintaining information between visual features in visual working memory. In a change detection paradigm, two different memory conditions were created: one that required the maintenance of features and one that required the maintenance of how the features were bound together. During the short retention interval that separated the study display and test display, a tone discrimination task was to be performed. The attentional demand of the tone discrimination task was manipulated to test whether memory for binding was more disrupted than memory for features when the proportion of time during which attention is unavailable for maintenance is increased. We observed that memory for features and memory for bindings were equally disrupted by increasing the attentional demands of the tone discrimination task. This suggests that attention does not play a special role in the maintenance of feature bindings in visual working memory.
Visual working memory (vWM) refers to the cognitive system that briefly holds a limited amount of visual information. In the literature, there is an ongoing debate concerning the basic unit of information in vWM. One view suggests that vWM stores integrated object representations (Luck & Vogel, 1997) . Support for this idea was provided by studies using the change detection task. In this task, participants are presented with a study array and, after a brief delay, a test array is presented. Participants are required to detect whether a change has occurred between the two arrays. For example, in one task, participants were presented with colored bars in various orientations. In one condition, participants knew whether they should look for a change in color or a change in orientation and thus, only one feature per object was to be maintained (i.e., singlefeature condition). In another condition, participants knew that the change could be either in color or orientation and thus, two features per object were to be maintained (i.e., multifeature condition). Performance was found to be similar across these conditions. Using objects that were defined by four different features per object resulted in the same basic finding; performance depended on the number of objects presented in the study array, rather than on the number of features that needed to be remembered (Luck & Vogel, 1997; Vogel, Woodman, & Luck, 2001) . From this, it was concluded that the capacity of vWM is object-based rather than feature-based. Wheeler and Treisman (2002) , however, argued that, in the multifeature conditions of Luck and Vogel (1997) , participants were required to maintain multiple features per object but not the bindings between the features. If one assumes that features can be stored in parallel feature-specific stores, then multiple features of the same object can be stored in vWM with no additional cost, without assuming object-based storage. In a range of change detection experiments, Wheeler and Treisman (2002) compared a two-feature condition with a binding condition. In the two-feature condition, a change could occur in either of the features but participants did not know which feature dimension might undergo a change on a particular trial. Successful change detection required memory for both features but not for binding information. In the binding condition, a change could occur in the particular association between features. For example, when a red star and a yellow circle were shown in the study array, the test array on change trials would show a yellow star and a red circle. Successful performance in this condition required memory for binding information. Wheeler and Treisman (2002) observed a decline in the binding condition, relative to the two-feature condition. The authors suggested that focused attention is required to maintain binding information and that the decline in performance observed in the binding condition might be the result of the test array distracting attention so that it is no longer available for maintaining the bindings in vWM.
Ever since, the question of whether maintaining bindings between features requires more attention than maintaining the features themselves has been an important research question. A number of studies have addressed this question by comparing the effect of an attention-demanding task on change detection performance in two-feature and binding conditions. Typically, single-task and dual-task conditions are compared. The rationale is that, if maintaining bindings between features requires more attention than maintaining the features themselves, then memory for binding should be disrupted more by the presence of an attentiondemanding secondary task than memory for features. Using backward counting as secondary task, Allen, Baddeley, and Hitch (2006) showed that memory for features and memory for binding were equally disrupted by the presence of an attention-demanding task. Similarly, Johnson, Hollingworth, and Luck (2008) found that memory for binding and memory for features were equally impaired by a secondary visual search task. More recently, Morey and Bieler (2013) used a secondary tone discrimination task and observed that memory for binding and memory for features were equally disrupted. They subjected their data to Bayesian analysis of variance, a technique that allows evaluating evidence against an interaction between memory task and the presence of a secondary task, and reported evidence against the hypothesis that maintaining bindings between features requires more attention than maintaining the features themselves.
Although the comparison between single-task and dual-task situations can reveal attentional demands, introducing a secondary task involves other sources of performance decrement such as interference between representations, potential response conflicts, or the need to coordinate concurrent operations in working memory (WM; e.g., Duff & Logie, 2001) . It is therefore possible that such a coarse method fails to detect the subtle differential involvement of attention that might exist between maintaining bindings and maintaining features. Therefore, in contrast to previous studies that compared dual-task versus single-task situations, the current study aimed at testing whether maintaining bindings between features requires more attention than maintaining the features themselves by manipulating the attentional demands of a secondary attention-demanding task.
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In previous studies, this approach has allowed us to elucidate the role of domain-general attention in maintenance by showing that memory for visual, spatial, and verbal material depends on the attentional demands of concurrent processing (e.g., Barrouillet, Bernardin, & Camos, 2004; Barrouillet, Bernardin, Portrat, Vergauwe, & Camos, 2007; Vergauwe, Barrouillet, & Camos, 2009 , 2010 . More recently, we used this approach to show that maintaining verbal-spatial associations (e.g., letters in locations) depends on attention to the same extent as do verbal or spatial features; memory for associations was found to be equally disrupted by increasing the attentional demands of a concurrent tone discrimination task as memory for verbal or spatial features (Langerock, Vergauwe, & Barrouillet, 2014) .
For the current study, we created two dual-task situations in which the memory task (either two-feature or binding) was to be performed while carrying out a tone discrimination task during retention. Crucially, we manipulated the attentional demands of the tone discrimination task. If maintaining bindings between features requires more attention than maintaining the features themselves, then memory for binding should be disrupted more by the increased attentional demands of the tone task. Inversely, if maintaining bindings between features relies on attention to the same extent as maintaining the features themselves, then memory for binding and memory for features should be equally disrupted.
Method

Participants and Design
Thirty-nine undergraduate students (33 female) at the University of Geneva participated for course credit. All reported normal or corrected-to-normal vision. Performance-based exclusions discussed in the Results section led to a final sample of 33 (29 female). Memory task (two-feature vs. binding) and cognitive load (low vs. high) were manipulated within subjects.
Materials and Procedure
Stimulus presentation and response recording was controlled by a PC running E-prime. Stimuli were presented on a standard CRT monitor, at a comfortable distance. A black background was used. Memory items consisted of colored shapes. All memory items had a maximum height and width of 1.4 cm and were presented simultaneously, on the four corners of an imaginary square, with their centre separated by 4.67 cm and the centre of the configuration being the centre of the screen, see Figure 1 .
To create the memory items, shapes were chosen from a pool of eight simple shapes (see Figure 1) . 2 Colors were chosen from a pool of eight colors: red (RGB: 255, 0, 0), white (RGB: 255, 255, 255), yellow (RGB: 255, 255, 0), green (RGB: 0, 255, 0), blue (RGB: 0, 51, 204), purple (RGB: 204, 102, 255), orange (255, 153, 51) , and cyan (RGB: 0, 255, 255). Four lists of 32 memory displays containing four memory items were created (i.e., one list of 32 memory displays per experimental condition). Within each of these lists, the different colors and shapes were equally often used and no color or shape was repeated within one display. For all memory displays, corresponding 1 Using a nonvisual secondary task that requires verbal responses such as backward counting (Allen et al., 2006) rules out accounts of dual-task decrements in terms of interference between representations or responses, but dual-task decrements might reflect coordination costs that arise from the need to coordinate concurrent operations in WM in dual-task situations. To avoid interpretations of performance decrements in terms of coordination costs, we compared two dual-task situations that differed in their attentional demands. Because the aim of the study was to compare two dual-task situations that differed in the attentional demands of the processing task to be performed during retention, we did not include a single-task condition in which there was no concurrent processing task to be performed during retention.
2 The set of simple shapes used in the current study is comparable to the set of shapes used in relevant studies: horseshoe (Allen et al., 2012; Johnson et al., 2008; Wheeler & Treisman, 2002) , hexagon (Johnson et al., 2008; Morey & Bieler, 2013) , triangle (Allen et al., 2006 (Allen et al., , 2012 Johnson et al., 2008; Wheeler & Treisman, 2002) , hourglass (Johnson et al., 2008; Wheeler & Treisman, 2002) , circle (Allen et al., 2006 (Allen et al., , 2012 Johnson et al., 2008; Morey & Bieler, 2013; Wheeler & Treisman, 2002) , square (Johnson et al., 2008; Morey & Bieler, 2013; Wheeler & Treisman, 2002) , and flag (Allen et al., 2012) . In contrast to these studies, we did not use the plus sign as one of the shapes so to avoid confusion with our fixation cross. Instead, we opted for a star-like shape (e.g., Allen et al., 2006; Wheeler & Treisman, 2002) . The star-like shape used in the current study is slightly less conventional than the one used in Allen et al. (2006) and Wheeler and Treisman (2002) , again to avoid confusion with our fixation symbol. test displays were created. Per list, half of the test displays were identical to the memory display (same trials). When a list was associated with the two-feature condition, eight of the test displays required a different response because the color of two items was changed to a new value and, in eight other test displays the shape of two items was changed to a new value. New values were taken from those that were not present in the memory display. When a list was associated with the binding condition, eight of the test displays required a different response because two memory items switched their colors and, in eight other test displays two memory items switched their shape. The association between the four lists of 32 memory displays and the four experimental conditions was counterbalanced across participants.
For the processing task, tones were presented through headphones. Two different tones were equally often used, a low tone (262 Hz) and a high tone (524 Hz). Both tones had a duration of 200 ms.
All trials began with a grey fixation cross (ϩ) at the centre of the screen for 500 ms, followed by the memory display during 2,000 ms. This was followed by a 500 ms-delay after which the 4-s retention interval began. During the retention interval, participants performed the tone task. Depending on the cognitive load condition with which the trials of a block were associated, either two or five tones had to be judged within this delay. In the low-CL condition, one tone was to be judged every 2,000 ms. In the high-CL condition, one tone was to be judged every 800 ms. Participants were instructed to respond to each tone as fast as possible without making errors by pressing keys (left for low tones, right for high tones). The screen remained black during the tone task. After the 4-s interval, the test display was presented; each memory item was presented at the same location it had occupied in the memory display. Participants were required to make a same/ different judgment by pressing keys (left if the test display was different, right if it was the same). Before the experimental trials, participants were trained on the tone discrimination task; 50 tones were presented at a rate of one tone per 800 ms.
3 After this, participants completed a total of four blocks of 32 experimental trials. The order of the four blocks was counterbalanced across participants. Each block started with specific instructions informing the participants on the nature of the change they were to look for and on the pace at which the tone task was to be performed. After six training trials, participants completed the 32 experimental trials in a random order.
To rule out any verbal working memory contribution to the memory task, participants were required to repeat the syllable "ba" in a continuous manner throughout all trials.
Results
The data of three participants who exhibited a percentage of less than 80% on the tone discrimination task were excluded as well as the data of three additional participants who performed at or below chance level on the memory task. The following analysis included the data of 33 subjects.
We performed a Bayes Factor ANOVA on proportion correct memory responses 4 with memory task (two-feature vs. binding) and cognitive load (low vs. high) as within-subject variables. This analysis is identical to a standard repeated measures ANOVA but also gives Bayes factors (Rouder, Morey, Speckman, & Province, 2012) . Bayes factors offer a way of evaluating evidence in favor of a null hypothesis, which was used here to evaluate evidence in the data for the absence of an interaction between memory task and cognitive load. We used the "BayesFactor" package (Version 0.9.7; for the R language.
Participants had better memory performance in the two-feature condition (M ϭ .72) than in the binding condition (M ϭ .65), F(1, 32) ϭ 26.26, p Ͻ .001, p 2 ϭ 0.45, and memory performance was worse when the cognitive load of the concurrent tone discrimination task was higher (M ϭ .66 vs. M ϭ .71, respectively), F(1, 32) ϭ 9.57, p Ͻ .001, p 2 ϭ 0.23. Importantly, as can be seen in Figure 2 , increasing the cognitive load of the tone discrimination task had the same effect on memory for features and memory for binding, F Ͻ 1, with a Bayes factor of 3.91 in favor of a model without an interaction between memory task and cognitive load. This represents substantial evidence against such interaction (Jeffreys, 1961).
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Discussion
The present study examined whether maintaining bindings between features requires more attention than maintaining the features themselves, or whether there is no difference. We observed that memory for features and memory for bindings were equally impaired by increasing the proportion of time during which attention was unavailable for maintenance. This finding is consistent with the results of studies showing that both types of memory are equally impaired by 3 The rationale for only including the fast presentation rate of the tone discrimination task in the practice trials was that, if participants are able to perform the tone discrimination task at the fastest rate (1 tone every 800 ms), then we assumed that they should also be able to perform the task at the slower rate (i.e., 1 tone every 2,000 ms). 4 In a subsequent analysis, we examined whether a differential effect of increased cognitive load could be revealed by studying hit rates (correct detection of a change) and false alarm rates (incorrect change-response), rather than proportion correct memory responses. Performing the aforementioned ANOVA on hit rates revealed a significant effect of memory task, F(1, 32) ϭ 77.31, p Ͻ .001, p 2 ϭ 0.71, and of cognitive load, F(1, 32) ϭ 13.65, p Ͻ .001, p 2 ϭ 0.30. Increasing the cognitive load of the tone discrimination task had the same effect on hit rates for features and hit rates for binding, F Ͻ 1. Concerning false alarm rates, the same ANOVA showed only a significant effect of memory task, F(1, 32) ϭ 8.58, p Ͻ .01, p 2 ϭ 0.21. False alarm rate was not affected by the cognitive load of the tone task, F Ͻ 1, and there was no interaction between memory task and cognitive load, F Ͻ 1. These analyses indicate that the decrement in memory performance observed between the low-cognitive load and the high-cognitive load conditions is mainly due to a drop in hit rates, rather than an increase in false alarm rates. Importantly, the effect of cognitive load on hit rates and false alarm rates was not different between memory for features and memory for binding. The observation that cognitive load had a significant effect on hit rate but not on false alarm rate goes against the idea that the observed cognitive load effect on proportion correct is due to participants not being able to shift between task mappings quickly enough in the high-cognitive load condition (e.g., the left key corresponds to the response "low tone" for the tone task and, then, at the end of the trial, to the response "different" for the memory task, implying a shift between task mappings). If this kind of response-related process were responsible for the drop in memory performance, one would expect hit rates and false alarm rates to be affected in the same way by increased cognitive load.
5 Binding and two-feature trials were blocked and counterbalanced across participants. To examine whether performance was influenced by the block that participants received first, we performed an ANOVA on proportion correct memory responses with memory task (two-feature vs. binding) and cognitive load (low vs. high) as within-subject variables, and first-block (two-feature vs. binding) as between-subjects variable. This analysis revealed a significant effect of first-block, F(1, 31) ϭ 5.73, p ϭ .02, p 2 ϭ 0.16. This variable interacted with memory task, F(1, 31) ϭ 4.98, p ϭ .03, p 2 ϭ 0.14. Memory performance in the two-feature condition was better for participants who first received a two-feature block (M ϭ .75) than for participants who first received a binding block (M ϭ .69), F(1, 31) ϭ 10.46, p Ͻ .01, p 2 ϭ 0.25, while memory performance in the binding condition was not affected by the nature of the first block (M ϭ .65), F Ͻ 1. First-block did not interact with cognitive load, F Ͻ 1, and there was no triple interaction, F Ͻ 1. Thus, although there seems to be a specific advantage for two-feature memory performance for participants who start the experiment with a block of two-feature trials, the variable first-block does not affect our observation of memory for binding and memory for features being equally disrupted by the increased attentional demands of the tone task. the presence of a secondary task (e.g., Allen, Baddeley, & Hitch, 2006; Johnson et al., 2008; Morey & Bieler, 2013) and suggests that there is no attentional cost to maintaining binding information over and above feature information. This is consistent with the idea that multifeature objects are stored as integrated objects in vWM.
However, change detection performance in the current study was observed to be poorer in the binding condition than in the two-feature condition. This finding echoes the observations of Wheeler and Treisman's (2002) . As noted by Morey and Bieler (2013) who observed a similar result, this pattern is not clearly consistent with the idea that there is no cost to maintaining binding information, relative to maintaining features. Our observation that both types of memory are equally impaired by increased attentional demands does, however, show that the performance decrement observed in the binding condition is not reflecting differential attentional involvement in maintenance. Thus, the difference in performance between memory for features and memory for bindings cannot be accounted for in terms of feature bindings being more demanding of domain-general attention for their maintenance. Perhaps the difference in performance might be related to conflict arising at test in the binding condition when all features on screen are old features and thus, are familiar to the participant, but the participant is nevertheless required to emit a different response when some of the old features are wrongly bound together. Although this hypothesis needs to be tested in the future, it could suggest that features do play a role in vWM as well. That would be in line with recent studies that show that both objects and features play a role in vWM (Oberauer & Eichenberger, 2013; Hardman & Cowan, in press ). Alternatively, participants might remember some global statistical properties such as the average color of the memory array (Johnson et al., 2008) . This would help in detecting new features in the test array. In any case, the aim of the current study was to elucidate one of the research questions that plays a central role in the objects versus features debate, not to solve the debate. In that respect, we can conclude that the argument of focused attention being required to maintain binding information can no longer be used in favor of features as basic unit in vWM.
Résumé
Cette étude examine le rôle de l'attention dans le maintien de l'information entre des caractéristiques visuelles dans la mémoire de travail visuelle. Dans un paradigme de détection du changement, deux conditions de mémoire différentes ont été créées : la première requerrait le maintien des caractéristiques, la deuxième requerrait le maintien de la façon dont les caractéristiques étaient reliées entre elles. Durant le court intervalle de rétention entre la présentation et le test, une tâche de discrimination auditive devait être réalisée. La demande attentionnelle de la tâche de discrimination auditive a été manipulée afin de vérifier si le fait d'augmenter la période où l'attention n'est pas disponible pour assurer le maintien nuisait davantage à la mémoire pour le liage qu'à la mémoire pour les caractéristiques. Il a été observé que l'augmentation de la demande attentionnelle par la tâche de discrimination auditive a nui de façon équivalente à la mémoire pour les caractéristiques et à la mémoire pour le liage. Ces résultats suggèrent que l'attention ne joue pas de rôle particulier dans le maintien du liage des caractéristiques dans la mémoire de travail visuelle.
Mots-clés : mémoire de travail visuelle, attention, maintien, liage, charge cognitive.
